The photosynthetic bacterium Rhodobacter capsulatus can grow with short-to long-chain fatty acids as the sole carbon source (R. G. Kranz, K. K. Gabbert, T. A. Locke, and M. T. Madigan, Appl. Environ. Microbiol. 63:3003-3009, 1997). Concomitant with growth on fatty acids is the production to high levels of the polyester storage compounds called polyhydroxyalkanoates (PHAs). Here, we describe colony screening and selection systems to analyze the production of PHAs in R. capsulatus. A screen with Nile red dissolved in acetone distinguishes between PHA producers and nonproducers. Unlike the wild type, an R. capsulatus PhaC ؊ strain with the gene encoding PHA synthase deleted is unable to grow on solid media containing high concentrations of certain fatty acids. It is proposed that this deficiency is due to the inability of the PhaC ؊ strain to detoxify the surrounding medium by consumption of fatty acids and their incorporation into PHAs. This fatty acid toxicity phenotype is used in selection for the cloning and characterization of heterologous phaC genes.
Polyesters such as polyhydroxybutyrate (PHB) have long been known as storage compounds for carbon and reducing equivalents (8) . In environments where fixed carbon is plentiful but nitrogen, phosphate, or another nutrient is limiting, many bacteria synthesize these polymers. This synthesis requires the enzyme polyhydroxyalkanoate (PHA) synthase, which is encoded by phaC and uses 3-hydroxyacyl-coenzymeA (CoA) substrates (e.g., ␤-hydroxybutyrate-CoA for PHB) for polymerization (for reviews, see references 16 and 17) . The production of such CoA substrates can occur by a variety of pathways (7) ; the simplest uses the enzymes ␤-ketothiolase (encoded by phaA) and acetoacetyl-CoA reductase (encoded by phaB). Alternative pathways include the formation of 3-hydroxyacyl-CoA substrates produced through fatty acid ␤ oxidation.
Although biochemical studies of 3-hydroxyacyl-CoA synthesis and PHA formation have led to an understanding of the pathways described above, few studies have used microbial genetics to explore the roles of specific enzymes and the properties of mutations in the phaA, phaB, and phaC genes. For example, in the most studied PHA producer, Alcaligenes eutrophus, mutations in the phaA and phaB genes, linked in the phaCAB operon, have not yet been described (for a review, see reference 18). We have recently described the cloning and characterization of phaA, phaB, and phaC genes from the photosynthetic bacterium Rhodobacter capsulatus (7) . The phaAB genes form an operon that is distinct from the phaC gene in R. capsulatus. The expression of each gene is constitutive, and strains with deletions in phaA, phaAB, and phaC were isolated. Only the R. capsulatus phaC mutant was defective in the synthesis of PHAs with fatty acids as the sole carbon source (7) .
In the present study, PhaC Ϫ strains of R. capsulatus were unable to grow on solid media containing elevated levels of certain fatty acids. In contrast, isogenic wild-type, PhaA Ϫ , and PhaAB Ϫ strains grew on such media. The results suggest that PHA production functions as a detoxification mechanism when cells are grown on fatty acids. This discovery provides a powerful tool for the cloning and characterization of PHA biosynthetic enzymes (and genes). Heterologous complementations of previously isolated phaC genes and cloning of new phaC genes by this selection prove the phaC dependence and utility of the method. While the ecological or environmental significance of this detoxification phenomenon remains to be determined, a selective procedure for cloning by function has not previously been described for pha biosynthetic genes.
MATERIALS AND METHODS
Nile red colony stain. R. capsulatus was grown on RCV solid medium (1) without malate but containing 100 mM acetone, 15 mM NaHCO 3 , and 2.5 mM (instead of 7.5 mM) (NH 4 ) 2 SO 4 . Cells were grown photosynthetically (anaerobic light) at 34°C for 7 days. Nile red (Sigma, St. Louis, Mo.) was dissolved in acetone at 0.1% (wt/vol). Dye was applied to colonies, and fluorescence was visualized under UV (300 nm) after evaporation of the acetone.
Fatty acid selection for phaC genes. Two genomic libraries, an EcoRI R. capsulatus library in pLAFR (6) and a BamHI Rhodopseudomonas palustris library in pUCA6, were conjugated into the PhaC Ϫ strain RGK284 by triparental mating (1) . Several dilutions of cells were plated on RCV medium with 1 g of tetracycline per ml. After 4 days of aerobic growth at 34°C, cells were replica plated onto solid medium containing 0.3% caproate and incubated at 34°C in the dark for approximately 8 days. Large colonies were toothpicked onto plates containing 0.3% caproate and 0.2% heptanoate and grown in the dark for 3 days to confirm the phenotype. Cosmids were isolated from these colonies and reconjugated into the original PhaC Ϫ strain. Cosmids were verified to have phaC by Southern blot analysis with the R. capsulatus phaC gene (7) as the probe. The R. capsulatus and Rhodopseudomonas palustris cosmids were designated pRGK276 and pRGK277, respectively. A portion of the R. palustris phaC gene was cloned into pUC118 and sequenced; based on 62 amino acid residues, it is 42% identical to the A. eutrophus protein.
Other methods. Plasmid pRGK275 was constructed from plasmid pRGK273 (7), which had previously been linearized with HindIII and subcloned into the HindIII site of the broad-host-range vector pUCA10 (2) . Plasmid pRGK278, which contains the A. eutrophus phaCAB genes, was constructed from plasmid pTZ18U-PHB (15) . The A. eutrophus phaCAB genes were excised from pTZ18U-PHB with HindIII and EcoRI and subcloned into the HindIII and EcoRI sites of the broad-host-range vector pUCA12 (unpublished data).
DNA sequencing was done by the dideoxy method of Sanger et al. (12) with 35 S-ATP (NEN), a Sequenase 2.0 kit (Amersham, Arlington Heights, Ill.), and single-stranded template prepared by infection of Escherichia coli JM101 containing pUC118 and pUC119 derivatives (19) with M13KO7 helper phage.
RESULTS
Optimization of a colony screening protocol for PHA production. Several screening protocols have been used previously to detect PHAs in single colonies. High levels of PHB in A. eutrophus results in colonies that have a white appearance compared to the typical opaque appearance; this property was used to screen for PHB-negative strains after Tn5 mutagenesis (10) . Two other colony screens previously described have employed the lipophilic dyes Sudan black B (13) and Nile blue A (5). Nile blue A binds to PHB and fluoresces, which can be detected microscopically (9) . A more recent report has described the use of Nile red, the oxazone form of Nile blue A, as a selective fluorescent stain for intracellular lipid droplets in macrophages (4). In fact, it is probably this minor oxazone form of Nile blue A that is responsible for the staining of PHB in heat-fixed cells (9) , although to our knowledge no one has reported the use of Nile red as a screen for PHAs in colonies. Using Sudan black B, Nile blue A, and Nile red prepared at a variety of concentrations in a variety of solvents, we initially optimized a protocol for the detection of PHAs in colonies of R. capsulatus. We used strains of R. capsulatus that produced wild-type levels of PHA or no PHA (PhaC Ϫ ) or that appeared to produce intermediate levels of PHA in colonies (PhaA Ϫ or PhaAB Ϫ ). These colonies were grown on medium containing acetone, caproate, or other fatty acids as the sole carbon source under aerobic conditions. Nile red dissolved in acetone yielded the most sensitive and semiquantitative stain for PHAs in colonies (Fig. 1B) . Application of the Nile red-acetone solution directly on colonies, followed by the rapid evaporation of the acetone solvent, resulted in strong fluorescence of the wild-type strain but not of the PhaC Ϫ strains. Even intermediate levels of polymer, estimated at 5 to 10% of the dry weight, could be detected by this staining protocol. Sudan black B and Nile blue A were much less sensitive indicators with R. capsulatus (data not shown).
Fatty acid sensitivity of R. capsulatus PhaC ؊ strains. We initially observed that on some solid media containing certain fatty acids as the sole carbon source, the PhaC Ϫ strains of R. capsulatus grew much more slowly and in smaller colonies than did the wild-type strain. By increasing the concentration of fatty acid in the medium, we were able to find conditions where the PhaC Ϫ strain would not grow but the wild-type strain still grew and formed large colonies (Fig. 2) .
We reasoned that the flux of exogenous fatty acid into PHAs reduced the levels of fatty acid immediately surrounding a colony to subinhibitory concentrations, thereby allowing continued growth of wild-type cells. Indeed, the fatty acid consumption around colonies was apparent from a decrease in opacity surrounding a growing colony. This result supports the hypothesis that toxicity plays a role in this phenotype. Moreover, when various fatty acids were added at the same concentrations to media on which PHA production does not occur (e.g., malate minimal medium), even the wild-type strain was inhibited for growth (data not shown). The growth curves of liquid cultures containing various fatty acid concentrations were recorded for wild-type and PhaC Ϫ strains. As expected, the growth rates and final cell densities were nearly identical for each concentration of fatty acid tested (data not shown), suggesting that the reduction of inhibitory levels of fatty acids is possible on a solid surface but is not possible in liquid media. Some fatty acids worked better than did others for selection with the R. capsulatus system. Caproate and heptanoate were best, although differences in colony size were observed for all the fatty acids tested (C 6 through C 12 ). In addition, selection worked when cells were incubated both anaerobically (photosynthetically) and aerobically, although aerobic incubation yielded the most rapid growth in these experiments.
Detoxification capability is dependent on phaC. To prove that fatty acid sensitivity is definitively due to inactivation of the PHA synthase gene, we conjugated a cosmid which contains the phaC gene as well as adjacent genes and a plasmid that contains only the phaC gene (pRGK275) into the R. capsulatus PhaC Ϫ strain. These exconjugates were able to grow on solid media containing fatty acids (Fig. 2) . Colonies of these strains also fluoresced with the Nile red screen, indicating that they synthesized PHAs (data not shown).
Previously cloned and new heterologous phaC genes confer fatty acid resistance to the R. capsulatus phaC mutant. To determine whether heterologous phaC genes can also confer resistance to growth on fatty acids, the A. eutrophus phaCAB operon was cloned into a broad-host-range vector (pRGK278) and conjugated into the R. capsulatus PhaC Ϫ strain. Exconjugates were able to grow on fatty acid solid media, but the PhaC Ϫ strain was not (Fig. 2) . Staining with Nile red indicated that the amounts of PHAs produced in these strains were below the level of detection by this technique (data not shown). However, extraction and examination of the polymers from these cells indicated that although much lower levels were produced, the PHAs produced were composed of C 4 or C 4 and C 5 monomers, as with the wild-type R. capsulatus strain (7). Thus, in addition to providing selection by function, the fatty acid detoxification phenotype is more sensitive than is Nile red staining.
To determine whether this system could be used for the functional cloning of phaC genes, we used two different genomic cosmid libraries. One was a library from R. capsulatus genomic DNA with a low-copy-number, broad-host-range vector, pLARF. The second was a genomic library of Rhodopseudomonas palustris in a higher-copy-number, broad-host-range vector (pUCA6). R. capsulatus PhaC Ϫ colonies containing these libraries (i.e., from minimal medium with tetracycline) were replica plated onto selection media with fatty acids. In the cases of both R. capsulatus(pRGK276) and Rhodopseudomonas palustris(pRGK277), the phaC gene could be cloned as exconjugates that grew on selective media (Fig. 2) . Confirmation that the phaC genes were indeed cloned was accomplished by Southern analysis with the R. capsulatus phaC gene as the probe (the results with the Rhodopseudomonas palustris phaC gene are shown in Fig. 3 ). In addition, partial DNA sequencing of the Rhodopseudomonas palustris phaC gene confirmed its identity (data not shown).
DISCUSSION
Here, we have described a new selection procedure, based on fatty acid toxicity, for the cloning, discovery, and characterization of genes involved in PHA synthesis. A number of observations which indicate that a reduction in the fatty acid levels surrounding cells on a solid matrix are responsible for this phenotype and thus detoxification have been presented. The mechanism of fatty acid toxicity in R. capsulatus is unknown, but growth inhibition by medium-chain fatty acids has also been reported for E. coli (11, 14) . The strongest inhibition of E. coli growth was with C 6 to C 8 fatty acids; 20 mM (0.23%) caproate was completely growth inhibitory (14) . In liquid cultures of R. capsulatus, caproate is an excellent growth substrate at a concentration of Ͻϳ0.15%. However, at 0.3% in liquid, this same fatty acid completely inhibits growth. Nevertheless, growth of R. capsulatus on solid medium containing 0.3% caproate was observed, presumably because caproate consumption (through PHA production) reduced its concentration in the vicinity of a developing colony to below that which is growth inhibitory. Thus, the use of caproate in the R. capsulatus PHA mutant screen was particularly effective, since caproate is both highly growth inhibitory and yet an excellent substrate for PHA synthesis (7) .
Although it is not the fatty acid directly that is polymerized but presumably a CoA derivative, this is not the first case whereby polymerization of potentially toxic substances can result in resistance to that substance. Heme from the hemoglobin of erythrocytes is polymerized to hemozoin by the malaria parasite, Plasmodium, as a mechanism to detoxify the oxidative capabilities of freely diffusable heme; the apoglobin is concurrently used for nutrients by Plasmodium (3). Although it is mechanistically similar to heme detoxification, whether the fatty acid detoxification described here is ecologically or physiologically advantageous in the environment is unknown. However, few reports have focused on phenotypes associated with phaA, phaB, and phaC mutations in any microorganism. Given the increasing awareness of the importance of surface adhesion and microcolony formation in microbial ecosystems, it would not be surprising if such a detoxification property makes a bacterium more competitive in certain environments. In any event, the screens and selection protocols described here will be useful in gene discoveries and further analyses of metabolic pathways that involve carbon, nitrogen, and redox flux in cells. Furthermore, the selection cloning by function described here does not require sequence homology to other pha genes for successful discovery; thus, a wider variety of PHA biosynthetic genes can be explored.
